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Photoperiod Differentially Regulates Circadian
Oscillators in Central and Peripheral Tissues
of the Syrian Hamster
exhibited significantly reduced paired testes weight
(Figure 1A) and 24 hr plasma prolactin concentration
(Figure 1B) compared to the LD group. However, follow-
ing exposure to SD for 28 weeks (SD-R group), the paired
testes weight and plasma prolactin concentration were
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University of Manchester significantly elevated back to LD-like values. There was
no significant daily rhythm of prolactin over the 24 hrOxford Road
Manchester M13 9P sampling period for any of the groups (Figure 1B). Pineal
melatonin concentration was elevated between zeit-United Kingdom
geber time (ZT) 20 and 24 in LD and between ZT14
and ZT22 in both SD groups (Figure 1C). This finding is
consistent with previous studies in this species [5, 6]Summary
and indicates refractoriness of the reproductive and
neuroendocrine axis to the SD photoperiod and prevail-In many seasonally breeding rodents, reproduction
and metabolism are activated by long summer days ing SD melatonin profile.
Having established neuroendocrine responsiveness(LD) and inhibited by short winter days (SD) [1]. After
several months of SD, animals become refractory to of all hamsters to photoperiodic treatment, we next de-
termined the temporal pattern of expression of threethis inhibitory photoperiod and spontaneously revert
to LD-like physiology [2, 3]. The suprachiasmatic nu- canonical circadian clock genes (Per1, Per2, and Cry2)
in the SCN of hamsters in the LD, SD, and SD-R groups.clei (SCN) house the primary circadian oscillator in
mammals [4]. Seasonal changes in photic input to this Strong diurnal expression of Per1, Per2, and Cry2 was
observed in the SCN of both LD- and SD-housed ani-structure control many annual physiological rhythms
via SCN-regulated pineal melatonin secretion, which mals, and expression peaked during the light phase for
all genes (Figure 2). Photoperiod had a significant effectprovides an internal endocrine signal representing
photoperiod [1]. We compared LD- and SD-housed on the timing of expression, such that all three genes
were expressed for a longer duration in LD hamstersanimals and show that the waveform of SCN expres-
sion for three circadian clock genes (Per1, Per2, and compared to both SD groups. Reduced duration of ex-
pression was retained in SD-R animals.Cry2) is modified by photoperiod. In SD-refractory
(SD-R) animals, SCN and melatonin rhythms remain On the basis of theoretical modeling of the rodent
SCN pacemaker, some authors have proposed a duallocked to SD, reflecting ambient photoperiod, despite
LD-like physiology. In peripheral oscillators, Per1 and oscillator model in which two mutually coupled oscilla-
tors track ambient light, with a morning oscillator (M)Dbp rhythms are also modified by photoperiod but, in
contrast to the SCN, revert to LD-like, high-amplitude synchronized to dawn and accelerated by light, and an
evening (E) oscillator synchronized to dusk and deceler-rhythms in SD-R animals. Our data suggest that circa-
dian oscillators in peripheral organs participate in pho- ated by light [7–13]. Recently, different molecular mod-
els have sought to relate the E-M oscillator model totoperiodic time measurement in seasonal mammals;
however, circadian oscillators operate differently in circadian clock gene rhythms [14, 15]. These models
suggest that either the relative phasing or the durationthe SCN. The clear dissociation between SCN and pe-
ripheral oscillators in refractory animals implicates in- of clock gene rhythms will depend upon photoperiod.
In the current study, peaks of Per gene expression aretermediate factor(s), not directly driven by the SCN or
melatonin, in entrainment of peripheral clocks. too broad to permit accurate resolution of phase rela-
tionships. However, our data do support the hypothesis
that photoperiod regulates the duration of Per and CryResults and Discussion
gene expression; this finding is consistent with findings
of previous studies of seasonal sheep [16] and hamstersIn order to test the hypothesis that central and peripheral
[17–19]. Critically, the duration of SCN gene expressioncircadian clocks measure seasonal time, male Syrian
does not differ between SD and SD-R animals, and thishamsters were housed on either 16 hr light: 8 hr dark
similarity demonstrates a clear dissociation between(LD group) or 8 hr light: 16 hr dark for 12 or 28 weeks
photoperiodic time measurement in the SCN and(SD and SD-R groups, respectively). Following photope-
“downstream” seasonal physiology.riodic treatment, hamsters were sacrificed every 2 hr
Recent studies have revealed strong circadian geneacross the 24 hr light-dark cycle under the appropriate
expression in multiple peripheral tissues, including thelighting conditions. Measurement of three factors con-
heart and lung [4, 20]. We therefore used TAQMAN RT-firmed the expected response to photoperiodic expo-
PCR to define changes in the level of clock gene tran-sure: the paired testes weight, plasma prolactin concen-
scripts in the same animals. In the lung, there was diurnaltration, and pineal melatonin content.
variation of Per1 expression in all groups, with a short-After 12 weeks of photoperiod treatment, SD hamsters
duration, low-amplitude rhythm in SD, and a prolonged,
high-amplitude rhythm of 14 hr in LD (Figure 3, top row).*Correspondence: andrew.loudon@man.ac.uk
1 These authors contributed equally to this work. In both photoperiods, transcripts rose at approximately
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Figure 1. Photoperiodic and Refractory Responses in the Syrian Hamster
Hamsters were exposed to LD photoperiods for 12 weeks (LD group) and SD photoperiods for 12 (SD group) and 28 weeks (SD-R group). All
values are mean  SEM. The white and black bars indicate the light and dark phases, respectively.
(A) Mean paired testes weight (PTW) after exposure to LD for 12 weeks and SD for 12 and 28 weeks (n  48 [LD], 47 [SD], 45 [SD-R]). There
was no significant difference between the LD and SD-R PTW; however, both were significantly different from the SD PTW (P  0.001).
(B) 24 hr profiles of plasma prolactin in LD (solid line, diamond), SD (dotted line, square), and SD-R (dashed line, triangle) hamsters (n  3–4
per data point). Data at ZT0 and ZT24 are double plotted. There was no significant effect of time on prolactin expression in any photoperiod
group. 24 hr profiles of the LD and SD-R group were significantly different from the SD profile (P  0.001), but not from each other.
(C) 24 hr profiles of pineal melatonin in LD (solid line, diamond), SD (dotted line, square), and SD-R (dashed line, triangle) hamsters (n  3–4
per data point). Data at ZT0 and ZT24 are double plotted. There was a significant effect of time on pineal melatonin in all photoperiod groups
(P  0.001). SD and SD-R profiles were not significantly different from each other, but they were both significantly different from the LD profile
(P  0.05).
the same ZT but were truncated in the SD hamster. which was significantly elevated compared to the SD
group but, importantly, was not significantly differentThus, photoperiod clearly modulates the amplitude and
wave form of gene expression in this peripheral tissue. In from the LD group profile. In order to confirm these
observations in another tissue, we also studied theSD-R hamsters, there was a clear long-duration rhythm,
Figure 2. Effects of Photoperiod on Clock
Gene Expression in the SCN
Following in situ hybridization for Per1, Per2,
and Cry2, SCN optical density was expressed
relative to the cingulate cortex of the same
section. The relative optical density was plot-
ted for LD (solid line, diamond), SD (dotted
line, square), and SD-R (dashed line, triangle)
hamsters (n  3–4 per data point). The white
and black bars indicate the light and dark
phases, respectively. There was a significant
effect of time on all clock gene expression
profiles in the SCN (P  0.001) and a signifi-
cant effect of photoperiod (P  0.05). There
were not significant difference between SD
and SD-R gene profiles, but both were signifi-
cantly different from the LD profiles for all
genes examined (P  0.005).
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Figure 3. Effect of Photoperiod on Per1 and Dbp Expression in the Lung and Heart
Gene expression was analyzed by quantitative PCR and was plotted relative to Gapdh expression. Mean  SEM of n  3–4 hamsters per
data point are plotted for LD (first column), SD (second column), SD-R (third column). SD (dotted line, diamond) and SD-R (solid line, square)
data are replotted in the fourth column. The white and black bars indicate the light and dark phases, respectively. In the lung, there was a
significant effect of time on Per1 expression of all groups (P  0.05) and a significant effect of photoperiod between LD and SD animals (P 
0.05). Per1 expression in SD-R lung was significantly different from the SD animals (P  0.001), but it was not significantly different from LD
animals. In the heart, there was a significant effect of time on Per1 and Dbp expression for all groups (P  0.01) and significant effects of
photoperiod for LD, SD, and SD-R animals (P  0.01). Both Per1 and Dbp expression in SD-R animals was significantly different from that of
SD animals (P  0.01).
heart. In LD, there was also a significant diurnal rhythm a peak at ZT14 (Figure 3, bottom row). Similar to Per1,
there was a loss of overt rhythmicity of Dbp in SD, butof Per1 expression, which peaked in the early dark
phase. There was a marked attenuation of the heart Per1 a high-amplitude rhythm in SD-R animals (Figure 3, bot-
tom RH panel). The phasing of this SD-R rhythm wasrhythm in SD, with a small but statistically significant
elevation confined to the late-night portion of the cycle similar to that of Per1 for LD/SD-R animals, with a peak
in expression at ZT12. The loss of overt rhythmicity of(Figure 3, middle row). In marked contrast, SD-R animals
exhibited a high-amplitude nocturnal peak of Per1 with Dbp and the generation of a low-amplitude Per1 rhythm
in the heart on SD may reflect a significant loss or damp-a 6-fold higher level compared to the SD group. Thus,
in both the lung and heart, the Per1 rhythm exhibits ening of circadian regulation in this tissue on short day
lengths.a significant increase in duration and/or amplitude in
animals that become refractory to SD. Our data now show that photoperiod regulates both
clock and clock-controlled gene expression in periph-In many tissues, Per1 can function as an immediate-
early gene, induced by different stimuli [21–24], and thus eral tissues. Furthermore, in SD-R hamsters, the ampli-
tude and/or duration of expression of both Per1 andmay not reflect an altered core circadian oscillator per
se. In order to test further the hypothesis that altered Dbp are markedly increased compared to SD animals,
despite both SCN and pineal rhythms remaining “locked”Per1 expression is due to a change in peripheral clock
function, we extended our study to include Dbp, a clock- to the ambient photoperiod. These observations there-
fore strongly implicate an intermediary component(s)controlled gene whose circadian expression is regulated
by the action of core clock proteins on E box promoter driving these peripheral oscillators.
A number of physiological systems are now implicatedelements and therefore reflects clock output [25, 26]. In
the LD heart, there was a pronounced Dbp rhythm, with in the regulation of peripheral oscillator function, includ-
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Figure 4. Model of Seasonal Time Measurement in the SCN and Peripheral Circadian Clocks
Photoperiod regulates the duration of expression of multiple SCN clock genes and downstream pineal melatonin secretion. These rhythms
remain locked to photoperiod, irrespective of physiological state. A well-defined melatonin target tissue, the PT, responds to melatonin signal
duration with altered amplitude of Per1 gene expression, which remains locked to melatonin signal duration, irrespective of PT endocrine
activity. The lung and heart, peripheral oscillators that do not express melatonin receptors, respond to photoperiod with altered duration and
amplitude of Per1 and Dbp expression. In contrast to the SCN and PT region of the pituitary gland, gene expression in these peripheral tissues
tracks seasonal changes in physiological state, rather than ambient photoperiod.
ing body temperature rhythms and feeding. In rodents, cently shown that within the melatonin target site of the
pituitary gland (the pars tuberalis, PT), exposure to SDfood restriction can phase shift rhythms in peripheral
tissues, including the lung and heart, although these results in an SD-like clock gene rhythm within this tissue,
irrespective of refractory state [6]. In contrast, the pro-organs are less sensitive to food restriction than the liver
[27, 28]. In seasonally breeding animals, photoperiod lactin-releasing activity of the PT cells reverts to an LD
phenotype in the SD-R hamster [6]; this phenotyperegulates body weight, although much of the seasonal
weight change in Syrian hamsters is accomplished with- makes PT cells prime candidates for seasonal calendar
cells, which drive annual cycles of this hormone systemout altered food intake [29], and our hamsters were
provided with food ad libitum throughout the experi- [33]. An intriguing possibility is that changes in the neu-
roendocrine axis of refractory animals, but not necessar-ment. It is possible that changes in the relative timing
of feeding in SD-R hamsters, albeit without an overall ily prolactin, may drive seasonal changes in peripheral
circadian oscillators. The regulation of peripheral clockschange in food intake, is responsible for the changes in
peripheral Per1 and Dbp expression. However, altered may then contribute toward the adaptive changes ob-
served in major body organs of seasonally breedingneuroendocrine output may offer a more attractive path-
way responsible for photoperiodic modulation of periph- mammals [34–37].
eral oscillators, and hormones such as glucocorticoids
both regulate the phasing of peripheral oscillators [30, Conclusions
The outcome of our experiments is shown as a summary31] and are strongly modulated by photoperiod in sea-
sonal mammals, including hamsters [32]. We have re- model (Figure 4). A major conclusion from our study is
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